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r SUMMARY

Tests on the use of X-ray diffraction methods for de—
termining surface stress distributions in hotched tensile
bars and in the vicinity of a weldsd joint in aircraft _
steel tubing are described. Data on the effects of stress i
and degree of notching on the principal stresses and stress— T
concentratlon factors for flat notched tensilae-~test specimens -
wore obtained. For the greater part the results confirm
previous analytical and photoeclastic determinations of these
quantities. It was found that X-ray techniques were of - . T
limited valueée for detoermining the direction and magnitude of

*esidual stresses in weldments since' the condition of" the

netal was such as to prevent an accurate datermlnation of :f__ -
thoe lattice paramoters. o i -

.

INTRODUCTION T
Among the’ problems interesting t9¢ the aircraft industry
which might be-siibjéct to a commsrcial applicatlon of X~ray:
stress measurements are {(a) the distribution of stresses - e
under load in dtructures of changing section;~or "notched? =~
sectiouns, and (b) the distribution of ;eszdual $tresses in ’
Note . A~ complete and’ detailed reportoh™ this investlga—
tion containing-information on the effects of variables in
the metal conditidn and experlmental tecnnique_on the - X;ray T
measuremant of stresg may be obtained on loanp fronm Yhe Office
of Aeronauntical Intolligence of the Natlonal Advlsory Gommit- o
teo for Aeronautics, Washington 25, D. C. e
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welded structurés. "While'somé'iﬁvestigétions in these di-
rectlons have been carried out previously, as discussed in

reference 1, they are not .sufficiently extensive to reveal ®
the general applicability of the X-—ray diffraction method
to such problems. ¢

Conssquently, of these two groups of problems, one —
gpecial problem in each group was selected., The investiga-—
tion was particularly concerned with the reliability and
accuracy of tho stress measurements and thelr general use—
fulness.

This investigation, conducted at the CGaso School of
Applied Science, was sponsorcd by and conducted with the
filnancial assistance of the Wational Advisory Committecs
for Aeronautics. : =
X-RAY DETERMINATION OF STRESS DISTRIBUTION IN FLAT,
NOTCHED TENSILE TEST BARS

Provious History

¥

The X—ray diffraction mothod of stress dectermination &
would scem to possoss some outstanding advantages, accom— }
panied by some disadvantages, when applied to the. study of
stress distribution in structural members. Structural parts
frequently differ in section, shape, and size, sometimes
very suddenly, resulting in a very nonuniform stress distri-
bution close to the section change or "notch,"' This stress
state 1s characterized by steep stress gradients and high : -
localized stress peaks, or "stress concentrations,”

Por this reason, a study of notched flat bars subjected
to tonsion was .undertaken in order to study the merits and
possibilities of tho X-ray method as applied to notchod .
parts, particularly of metals used in aircraft. T

In relation to stress measurements in notched sectlons,
the. X-ray method has the inhherent advantages -of using a
small. gage length . of providing 8 convenient method for. de~
termining the complete stress state, and of providing a L=
mathod for the determlnatlon of §tress not only in the elas-—
tic, but also in the plastic strain regions. MHechanical and

Pho torm "notch" is used genorally for any type of
sudden scction changos.
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]

photoglastic methods do not pérmitgtho-detormination_of the

stress in the plastic strain region. Photoolastic moasurae—

ments, however, enable the analysis of tho stress distribu—

tion in the elastic stress state very accurately. Such meag—
urements and the resuldts of thooretical investigations may T
sorve as the basis for the evaluation of the X-ray method as o
applied to thisproblem. o . [

Numorous attompts have been made to determine the effects
of notches, holes, and so forth, on the stress digtribution -
causcd by elastic loading (sce refasreace 2). The dlscu551on
here is restrictod to investigations of flat and circulafl _
bars, provided with a local reduction of the secection by an - o
cxternal notch, and subjected to pure tension in the uniform.
section} ' S ' o

The maximum value of longitudinal stress or Ustress -
peak™’ which is created by elastic straining of round and, =
flat bars’ of infinite width and provided with noiches of’ T
hyperbolic profile has been calculated by Neuber | (reference
3). Thls stress peak at the bottom is glven by the expres—
sion: : -

| : s /& o S =
For ;?un@ ?érS- .Smax = J/r C

L . . ; .
For-flgf-?ars: :Smax = 1'3SJ/§. ’ o

where v . ) ' il SD L e T Ao

g average tension (load d1v1ded by the: area of tha notched o

oo

':sectlon) : SRR

r - radlus at the notch bottom (apex of hvperbola)

d dlameter or w1dth of tne unnotched sect«on f'“' LT -
These formulas, however, assunme inflnitcly large bars ana,"'
therefore, approximate only the conditions orsated by very '
decp notchesz I ST I BN A “;v.;,wv.;-h O L

g O —
T - - - R - - -

Sy B T R R SR GRT IR I :
Thg:offects of w3ariqus factors, swch'ag radiuwus oF 7 7 S
notch, notdéh depth,-and go . -fiorth; hava been fiollawed up bdy
photocelastic investigations on flat bars of a *transparont
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matorial, such as bakelite, Dby Gokér and Filon (roferocnce 47,
Frocht (refercnce 5), ond Wahl and Boeouwkes (referencc 6).
Tho following throo typos have beon invostigatod:

. 1. V-notchos of constant depth, having various bottom:
radii (figs. 1 and 2)

2. Semicircular notchos of various radii (figs. 3
and 4)

3., Slot notches of various depths and widths having
a halﬁncircular bottom contour (of various radii) (figs.5
and 6 '

{
For the first two notch types, the distridbution of the
lateral stross has also boen determined (figes. 1 and 3).

The last notch typo should approximate the practical
condition in notched bar tensile toests where the notch is
uwsually & V-—-notch with & constant bottom radius. The moag—
ur ements of Frocht evaluated for a bar of given thickness
(= 100 percent) provided with notches of given bottom radii
and varying depths are represented in'figure 6, The stross
concentration factor, that 1s, the ratio between the pealk
stress and tho average longitudinal stress in the notched
saction, increases at first with increasing notch depth
then goes through a maximum and finally decreases again
toward tho value 1, represcnting uniform gtress distribution
for a notch which removes 100 porcoat of the cross—sectional
arsa. The maximum value of the stroess concentration factor
occurs for a notch depth of somowherse between 20 and 50 por—
cent, this dopth boing larger for sgharper notchos.

Rogarding tho trasnsverse stross, tho photovlastic meas—
urenents indicato that & high, but localized, transverse
strese is prosont in the same region as tho high longitudinal
stress peak for shallow notches (fig. 1) while & more uni-—
formly distributed transverse stress exists in a deeply
notched section' (fig. 3). The transverse stress is always
garo at the notch bottom, as requlrod by the theory of slas—
ticity.

A few elastic measurements on flat steel bars with a
semicircular notch have been carried out by Preuss (refer—
ence 7) (fig., 8) and by Cokér and Filon (reference 4),
Thelr results are. in good agredément with those derived
from photoelastic measurements,
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Commercilally, tho two—dimensional stress state present
in a flat bar is less important than.the three—dimensional’
state present in a round bar or a more intricate’ structure.;
Little- informatlon is available on this problem. )

Experiments regarding the stress distribution in round
bars have been carried out by Berg (reference 8) on rubber
and by Kracchter (refersnce 9) on stesl bars by means of -
X-rays. -

Both investigators agree, according to figure 7, that,
with a notch of a given bottom radius, the stress concen—
tration -increases a2t first with incroa51ng notch dopth;
howevery the X—ray method, contrary to the rubler tosts,

. shows a 'maximum siress concontration at a rather shallow -
notch and an increasingly uniform stress distribubion with

further increasing notch depth. These results are in qual—
ltative agreoment with the photoslastic measuroments on flat
bars.

Thus 1% appears possible %o apply the information
derived from the photoelastic investigations fo a round bar
in a somiguantitative manner. According to Neuwbor (refer—
ence 3), the stress poak in a round bar should bo 30 porcent
higher than that in & flat bar having notches of the sane
profilec on the flat sides. LT L

Material and Procedure . . . . L

Material and Preparation of the Specimens

The steel used for the investigation was commercial
SAT X—4130 steel. It was provided in & sheet Q. 120 inch
thick through the courtnsy of the American Steafand ere;
,rcompany.— . . R

The-.sheet was cut into strips of the appiﬁximate 5125
desired, pickled down to 0.100 inch im thickngss) cold-—
rolled to 0.035 inch, annealed at 1700° F for 15jinutes,
and air—cooled. . The cooling produced considerghle warping;
so the SurlpS were given 3 percent strain on féns*le
machine to stralghtcn them. _ IE;'- - :

After this aeat treatment and SUraighte 0peraﬁion, T
+the -scale was pickled off and a diffraction pa tarn was o
mado to dotermine whother aor not the grain sim was suitable
to produce sharp lines. It was found that tha' - doublaet

mr
HT
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was unrosolved indicating that the heat treatment was ‘too

severe (fig. 9).  The 'strips were, thoreforc, stress re—

lieved at various temperatures to determine the ontimum . -
grain condition for well-defined diffraction patterns.

Temperatures of 1000° F, 1240° F, and 1320° F werc used in -
the attenpt to deternine the optimum stress relieving tem— >
perature. Diffractiod patterns, (fig. 10) were made after

gach stress relief and showed that the most suitable tomper—

ature was 1320° F. In stress relieving, the strips were

clamped between heavy stoesl plates to prevent warping, and

packod 1in a mixture of powdercd charcoal and burnt magnesia

to prevent decardburization. Tho sitress relioving was done

in a DLindberg Cyclone furnace., The sanples were held at

the specifiod teomporature for 4 hours, then furnaco—-cooled.

All tomporaturcs woro maintainod to £5° F of the desiroed

tomperature.

The strips wore then pickled to romove scale and any
docarburization. Afbtor the pickling, the strips wero mado
into tonsilec spocimens. A final pickling opoeration was
given to the finished spocimen to roenmove any suporficial
cold work that might have takon plaoo on the surfaco in
the machining operation. _ _ .

Tensile tests were run on standard size specimens that )
had been given the foregoing treatment, to determine thse .
yield and ultimate strengths, The treatment resulted in a ’
yvield strength of 58,500 psi and ultimate strength of 81,500
p51. Figure 11 shows the stross strain curve for the SAE
X-4130 stcol in tho condition in which it was used for tho
tonsiloc spocimons.

One -duralumin spocimon (fig. 13), was made from 24S5-T
duralumin sheet 0.033 inch thick. It was annealed for 1
hour at 400° ¥ in order to inerocaso the sharpnoss of tho
diffraction lines without appreciably doecrocasing the strongth.
The anncaling conditions wore.soelocted on the basis of provi-
ous tosts, Tho ylold strongth in thoe condition as testocd was
56,000 psi. : : : : -

It was docided to wsoe, in tho stool spocimens, a 60°
notch, and to hold tho ratio of the notch radius to the
maximum width of tho specimen constant. This ratio was ap—
proximately 0.04 and produced thoorectically (roforcncoe 5) a
stross concontration factor of 3.5 for the 25-percont notech
and of approximatoly 2.5 for the B-porcent notch (fig. 6).
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Two notch depths were .investigated 25 percent and §
percent, The dimensions of the specimens are shown in
figure 13,

Since the specimen was relatively short, and since
the tensile machine applied the load by means of two pilns
passing through the ends of the specimen, there was some
doubt as to whether or not the applied load would produce
a uniform stress distribution in the unnotched portion of
the specimen, To overtome this difficulty, cold—rolled
steel plates were riveted to the ends of the specimen,
This, in effect, increased ths length of the spscimen and
produced a uniform stress distribution since the loading
Pins applied the load to the plates, and not to the speci-
men directly. S

In the case of the duralumin speeimen (fig. 12) a 60
notch also was used, However, in this specimen, a higher
stress concentration factor was used, The ratio of the
notch radius to the specimen width was approximately 0,02,
and the notch depth wes 20 percent, This set of conditionsg
corresponds to a stress concentration factor of moras than 4
(fig, 6), It was found necessary to rivet supporting plates
to the ends of the specimen as in the case of the steel
specimens, . -

Straining the Tensile Specimens

A special tensile machine (fig, 1l4) design!d and con—
structed in this laboratory especilally for thils investiga-—
tion by Mr, Frank Miller, was used to obtain the various
loads on the specimens, . The load was applied through a worm—
gnd—-screw arrangement, and transmitted to the specimen by
means of a "callbratlng bar" made from tubular fAE X-4130
steel, Pigure 1F shows the tensile machine in position for
making diffraction patterns from the duralumin gpecimen,

The tubular member served as a means of measurify load, TFor
use In transmitting load to the duralumin specilen 1t was .
used in the hot—rolled condition, dbut for use with the steel
specimens 1t was necessary to make it stromnger, for carrying
larger loads, by annealing at 1700° F, air COOléf and tem—
pering at 700° F, This heat treatment produced roportional
limit corresponding to a load of 3200 pounds, Thé tensile
machine itself could withstand a considerably higher load,

The change in length of this tube for any fange in
load was determined accurately on a standard Olten tensile .
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machine, It was found that in the hot—rolled condition, 20
pounds produced &an- elongation of 0.,0001 inech in a 2-inch
gage length, while ih- the heat—treated condition, 37 pounds

produced the same elongation. The load applied to the tonsile

test specimens during investigation by X-rays was measuresd
by noting the change in length in a 2-inch gage length of
this tube, and applying tho forocgoing calibration factors.
To make surse that the same load was appliocd to the calidbrat-
ing bar as to the specimen, they wore connected in series.
Tho olongation of the calibrating bar was measurcd with an
Clsen ggge, Teading in ten—-thousandths of an inch,

The tonsile machine was oquipped to produce a vertical
movoement of the spocimon of 1 inch and also a complote rota—
tion of the specimen about the horizgontal axis of tho ma-—

chine.

On both steel specimens the first load was chosen in
such a way that the poak stress would be approxidmately
cqual to the yield strengith. Since tho yield strength was-
59,500 psl, and the stress concontration factor was 3.5,
the first load corresponded to an aveorage stress of 17,000
psi. Tho socond load on tho steel specimens was soelocted
in such a way that there would be plastic flow at the notch
bottom, If plastic flow occurs, thers arec rosidual stressos
after unloadingy so after tho stress digtribution correspond—
ing to tho second load was analyzed by means of diffraction
patterns, the spocimen was unloaded and theo rosidual strossas
wero studied. The third load on tho stecol spocimons was
choson in such a wey that tho average stress was greater than
the yield strength, and thus, so that the wholo sanmple had
yielded. However, cortain difficultics .arose in the case of
the specimen with the S5-percent notch, so that this load
could not be attained. Tho final load for this specimoen was,
howevor, near the yiocld strength, Since the third load also
causcd residunl stresses, a fifth serios of patterns was.
mede to anelyze the rosidual stroess state of pach specimen.:

ALl three loads for the duralumin spocimen wero choson
such that the average stross was bolow tho yiold strongth
for the duralumin. Thoy correspondced t0 avorage strossos
of 4300, 12,000, 33,700 psi.

After tho application of the socond load of 50,000 psi
avaorage stresg to the 25-percont ngtch stocel specimen, which
was tho first to be investigated, and aftcr boeth tho strains
under load and tho rosidunl sitrains had boen ncasured, a
question arose as to the possibility of a deocrcase in load

oF
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whon the spocimen was kopt in a state of strain ovor such =
lorg poriod of %tTime. BS=is nocossa ry for X—ra¥y viTcss. measure—..
ments. Mechanienl tgsts showcd tHat ‘ereep is very pronounced
in SAT X-4130 stool, but tHat no creop . occury-at a load which
is 15 percent loss tnan the maxioum load to0 whkich the speoci-—
mon has becn previously subjected., Thus, %o svoid possiblo
changos of load during X~ray ‘measuromentes, - -the follow1ng
gonoral procodure was uscd. Thoe desirod load was appliocd,

and then backed off by 15 porcent bofore mHaking the X-ray
exposurags. To find what the streds distribution would havo
boen st the dosired 1é6ad, olastic stressos correspending to

the ls-porcent decroasc of load weroc zdded to tho moasure&
stressos. T
; e - X-ray Tec"niquo R

- __'.._.;:z.'-~a_.-g .

Cobalt X—radiatlon is roconmended for back—reflection T
work on steols’y while coppér X—radiation ig best suited for
aluninun and its alloys. OConssguently, in making tho dif-—
fraction patiernsg from thoe stoeol tonsilec bars, a Coolidge
water—cooled cobalt tadrget X-ray tubo was used for the pro-
duction of tho X—ray boan and a Phillips—Meotallix Giffrac-
tion tubo with o cobper targst was usod for the duralunin
snecoinen,  Both tubes were.oporated at 35 kilovolts, but
the cobalt tube reguired 10 nillisnperes, whilo “the covpor
tubs could be operatod at 20 milliamperes.

' In the investigation of tho steel specinens,'caﬂﬁ?as
of tho Sachs back~refloction type wore used (fig. 16).
Those Camoras worg designed and constructod along with the
plate on which they ars nountod (dosecribed lator) in this
labvorobtory ospecially for this work by Mr. Frank Miller.
They cond'igtod of a-flat circular dassette nounted norlally
en. g hollbw‘axle. The film, with a hols punched in the
contor nn protectcé by black paper, was held in the cassette

by means “of 'a netdl plate. Thoe platc was provlded with ports
for the nassago of tho X—rays.

"The cassotte was nounted on grooved rollers which were
fastened on ¥ plate. - The.plate was adjustable with respect:
to the X-ray tube in horizontal and vertical movement , ang

in angle of inclination with the X—-ray tube. By means of
these adjustments, it was poss;ble towpass the main bebm of
X~rays emanating friom -the tube through the pihhole dystem.’

The roller bearings permitted full rotatian of the cassotte
about tho X-ray Bdam as an axis,. The plﬁhole svstom (fig 16)

in,
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was held in a braass slesve ‘that fit snugly into the hollow
axle of the cassette. The forward pinhole was 1 millimeter
in diameter and was 2 inches from the target, The resul t— -
ant’ beanm was collimated t6 0.10 inch by means of a colli~

mating Dinhola lé‘ n11'!'lmntn1~n 's'n dianeter placed 1% inches

"

from the forvward pinhole. The film to specimen distance

was 3a inches. Figure 17 shows the plate and the cassette
with the pinhole systen in position.

After the first picture was tamen, it was found that
the silver calibration substance waes too large grained to
produce a uniform diffraction ring (fig. 18). It was nec—
essary, therefore, to rock the film in order to obtain an
accurately msasurable silver riang. A rocking device was
attached to the plate that held the cassette, The device
gave a rocking notion of +109 to the cassette, By releas-—
ing the can acticon, it was possible to give the cassette
a full 360° rotation. Figure 17 shows the cassette with
the rocking mechanism gttached.

In the case of the duralumin investigation the sanme
type of camera vas used (fig, 15). It was found that the -
duralumin was of sueck a zgrain sige that rocking 4id naot )
inmprove the pattern, and hsnce no rocking devics was at— ‘ B
tached. The plinkole systen which was used for the inves— Fi
tigation of this specimen, wes egssenitially the sane as that
used for the steel s»wecimepns, gilving the same focusing con-
ditions, but the pinholes were smaller, The forward pin-
hole waeg 0.025 inch in diancter, and the second pinhole
collimated the bheam to C.075-iunch diametsr at the specimen

surfacs.

The position of the X—ray beam on the surface of fthe
specimen, where measurements were to be mdde, was located
by placing a fluorescsnt screen across the notch. The screen
wag graduated in tenthe of an inch by means of an X-ray-~
opague ink. 3By locating the beam beitween successive gradu—
ations, ites positicn relative to the sampls could be detsr—
mined, The thickness of ths screen was taken into account
when the sSpecimen was in positlon for the oblique pictures.

Since the strain in the netal immedliately adjacent to
the notch bvottom wag of particular interest, atteunts were
made to produce patterns 0,05 inoch frozm the notch botton.
With a Pteam 0.10~inch in diometsr, the X-ray pattern yielded
irregular results in this ragion, ard usually strosses closse
to the average. Thisg fallure %o ragister stress concanira—
tion nmight be expyplained by the fact that such stress concen~
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traticn occurs only within-a.small parf.peof the exposed area
and possesses & large\gradient Such stresses apparently,
have little. influence on. the stress pattern and their ef—
fects are unconsciously disregarded in visual méasursaments,
Some attempts were,made. to mgasure the ‘peak stresses by
restricting the. beam o .0, 02 inch but with so small a beamn,
24—hour exposures falled to produce measurable patterns,
Because 24--hour exposures arg. not commercially useful,
attempts in this directionﬁwere ‘abandoned,

The (400) plane of silver produces _Kq rings slightly

2

grester in diameter than the ‘rings produced by the (310)
plane of iron, using cobalt radiation. It was decided to
use silver as the calibration materiml (etalon) for the
determination of the lattice paremeter of the steel speci-
mens. The silver was used in the form of chemically pure
Mallinckrodt silver metal powder, a. precipitated analytical
resgent. It was found thalt ths $ilver vhen applied across
the notch of the speclimen ian.the. form of strips, produced
gilver diffraction- lines that were.either ! too dark or too
1ight (fig. 19). - Por that Teason,. the étalon was apPlied
uwniformly to the sticky side of cellulose tape, which was
then glued to the specimen by neans of glyptol with the
silver in contact with the. speciuen. Tais rethod also PT O~
duced a protective coating for the specimen which preVented
the corrosion of. the. specimean. surface.

-~ " For the duralumin test bar, gold powder (ninus 300

mesh and 999.9 fine) was used as the calibration netal.

It was supplied through .the generosity of Handy and Harman

of New York. The mathod of gprlication was the same as

for the application of the silver powder, with the ex—~

ception that shellac was wed to hold the cellulose tape

to the specimen. The shellac was dllowed to ary partially

before the cellulose tape was applled Sevaral trials were

necessary to get the gold. nowder of .thé right thickness to

produce diffraction lines of. the .sane’, intensitJ as those

of the duralumin (fig. 201 LT -
Assuming that - the two nrincipal stresses in the surface

of the notched bar are always parallel and perpendicular %o

the longitudinal axis, three exposures in different direc-—

tiones must be taken in ordsr. ts. determige the complete stress

stete 2t .each poinb;- " Ope. of these exposures is usvally made

with the :Xiray bean perpendlcular %b the ' surface, while the

other two are obligue, and in the planes formed by the normal

direction and.the. louglﬁuﬁinal and, tranpversg 8 xXes, respet~

tively.
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The stress state was determined at five points across
the specimen at the bottom of the notch The stress state
was assumed to be symmetrical about the longitudinel canter
lihe, g0 that t he distrlbution of straasas cvaer only half
the width of the nptched section was sufficient. These po—
gitions are ghown in’ figure 13. For the duralumin specimen,
the same assumptiong were mads, dut only four positions
were studied (fig. 12). TFor the oblique exposures, 43° was
chosen as the angle batween the surface and the incident
beam for, the steel specimens.

That part of the radliation from the targst was usaed
which made 6° with the horizontal plane perpendilcular to
the X-ray tube. 'Avppropriats temnlets were made so that
the specimen might be tilted to the proper angle to make
the desired angle with the X-ray beamn.

For the normal piciures, a templet of 900 ~ 6°, or
840, with the horigontal was ugsed. For the transverse
pattorns, e templet of 459 — 6°, or 39%, was used, and
for the 1ongituginal plictures, the templet angle was
90° — 4°, or 88 The templets were made of cold-rolled
sheet and were such that when the flat 'side of tihe tensile
speciman touched the inclined edge of the templet, the
specimen was in the proper position. '

In making the normal patterns, both the longitudinal
and the transverse axes of the specimen were mormal to the
X-ray beaun, For the oblique'pattern nacedgsary for deter—
mining the longitudinal stress, the- ¥ongiltudinal axis of
the specimen was inclined 45° %o the X<ray beam, while the
transverse axis was perpendicular ‘£ i (fig. 21) and simi-
larly for the obligque pattern necessary for determining the
transverse stress (fig. R22).

A1l five positions across half the notch (fig. 13) wore
taken for one load and oné orientation before the specimen
was reoriented. TFor producing the patterns at different po-—~
gitions on the specimen, since the beam could not be railsed
and lowered, the svecimen was raised or lowered with respect
to the beam by means of the vertical adjustment on the tensile
machine.

After the five exposures for one orientation of one par-—
ticular load were completed, the sdecimen was unloaded, and
reoriented. It was then reloaded t6 the same load, and dif-
fraction patterdis were made at the "same positions. This
process was repeated until the threée patterns for gach of
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the five positions for ome load were finished. The procedurs
was then repeated for the' next” Load.

In eprsing the film fo¥r the normal patterne, full ro—
tation of the film was used. 'For the patterns made with
oblique incidence, the film ﬁas_rocked +10° about its axis.

Thirty degrees was chosen as the angle of obligque in-
'cidence for the duralumin specimen. The method of specimen
orientation was aporoximately the same, but the method of
producing the diffraction patterns was slightly different.
The chief difference occurred in the procedure for making
the obligue patterns. Since the work on the duralumin
specimen precedad the work on the steel specimens, not all
the factors influencing the accuracy (reference 1) had been
studied. In view of this fect, the following is the proce—
dure that was used for the duralumin specimen. With thas
beam at normel incidepce, the pattern was obtained in a
single exposure (fig. 2Ba). For odbligue incidence, that
part of the beam farthest displaced from the normal was
used (fig. 28b) in order to improve the accuracy. The Te—
meinder of the rays were blocked out with a lead baffle.
This required two exposures with the film in two positions
1800 apart in order to obtaln diametrically opposed segments
for measuring. _ o N

In the steel sanple investigation, both sides of the
diffraction ring were obtalned in one sxposure Dy placing
the £ilm .in such a position that sach side fell on the
focusing sphere at the interssction of the cone of diffrac—
tion and the focusing sphere.

Bince the area of the specimen covered by the X-ray
beam was of finite size, and since, for the oblique patteras,
the specimen was inclined to the incident veam, the siiiple
foecusing conditions of thé normal patterns (fig. 23a) were
not obtainable. The incident beam d4id not pass along e
ma jor diameter of the .sphere, but along oans of the minor
diameters - (fig. 248). Therefore, there was only one position
of the film-in which'any tyo diametrically opposite points of
the diffracted cone intersscted the 'focusing sphere at squal
dietances from the:spscimen (fig. 24b). For the specimen
orientation for determining -transverse stress, the position
of the film was such that the Longitudinal axis of the film
was parallel to the longitudinal axis of the spescimen, while
for the specimen orientation for determining longitudinal
stress, the position was such that the longitudinal axis of
the film was parallel to the transverse axils of the specimen.
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In both cases, the film %o specimen distance was the sane
as that for normal incidence. Although the rocking neces—
sary to eliminate spotitiness of the diffraction lines in-
troduced an, error because of the fact that this position
was changed, the error was slight., .The rocking was only
10° on either side of the trus poaltion so that the dig—
placensnt of the line due to the effect of a strain in

a slightly different direction was not great. For the nor-
mal patterns for the stesl ‘specimens, the ‘same focusing -
conditions vere used as were used in the case of the' dural—
umin specimen (fig. 23a).

In nmaking the diffraction patterns for the steel speci-~
men exposure times of 20 to 30 minutes gave easlly measur~
able films. It was thought that if the exposures had besen
made with an X—ray tube having VYeryllium windows instead of
the conventiornal ILinndeman glass, tThe exposure time might
have been reduced to 10 minutes or less. The duralumin
patterns required exposure times of 4—-hours. This long ex—
posure time might be accounted for partially by the small
gize of the 'pinholes, the extremely fine grained condition
of the metal and an irregular metallic deposit on the linnde-
man windows of the X~ray tube. _

Agfa nonscreen X-ray film was used in both_ cases., It
was developed in Tastman X—ray developer from ZL to 4 min-
utes depending upon the temvserature of -the developer. Al~
though no attempt was made to control the temperature during
the exposure time,it ‘did not vary more than +4° C.of 25° 0.

The films were fixed in Jastman X-ray flxér for about
20 minutes, then washed and dried in a horizontal position
to prevent uneven shrinﬁage in the direction of measurement

-

i

Stress Calculatidns

, Diffraction patterns for the stesl specimens were eas-—
ured. . with a comparator (fig. 25) consisting mainly of 'a
.metric scalsd and a sliding indicator carrying a vernler.

The indicator rested almost dirsctly on the film, thus
avolding parallax. Reflscted light from beneath the film

was nsad to llluminate fthe film. By.thls technique film
expansion because of heating was eliminated. Readings to
0.01 céentimeter were obtainable directly from the comparator,
and readings to 0.003 :dentimeter could be obtained by aver-—
aging & sufficient~ number of readings.

A
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In measuring the duralumin diffraction patterns, a
slightly different-comparator was uged. ~ It was capable of
glving readings to 0. 001 centimeter. A sketch of the com=—
parator appears in figure 26. & serles of settings was
made with the indicator on each line until a consistent
value was obtained. Three series wers considered sufficient
for each film to obtain an accurate average.

RAach film was checked using the same technique. In
moré than half the total number of cases, a single check
was sufficient to show the correctness of the value. In
the remainder of the cases, the process was repeated until
consistent values were obitained. 1When the lattlice paramne—
ters . agreed to within 0.00010 angstrom units, the values
were aversged. - S .=
The checks were usually msde on different days,and it
wadg seen that temperature and humidity variatlons had 11tt1e
effect on the measursed lattice parameter. -

The duralumin strain patterns were measured on the com~
parator (fig. 26) mentioned prev1ously. Tach film was meas-—
ured six times and an arithmetic mean telken as the true
value.

In calculﬂting the lattice parameter ‘for steel the fol-
lowing method was used: _ ’

The diameters of the iron and silver rings wers . found
by subtnactlnb “bhe neadynss cbtained at ezch end of £he
£ilm. The ratio of the silver dimmeter to the iron .dYame-
ter (DAQ/DF ) was found by the use of five-place log

tables. From this ratio, the lattice parameter fron sach
film wgs found granhioally frow the plot shown in flfure
27a. (This graph was read to 0.00001 angstrom units

KA ks

The same method was used for the duralumln qpeclmen,
with the exception that gold was uged as tae calibration
material. The ratio of the; dianeters was pben.qDAu DFe'
The lattice parameter was detnrnined by means of the
group shown in flgure BTD, v F IS : _“j

IR I .-—'..:.J.-'s"r.: e e -«-.\’; = -

.xThe dattice pa&dhéters 'of %three fllms #ere useﬁ %b i:ﬂf
deternine the etress’ €tate Bt eath point, as follows._d -

’

1o e

LI

5; KR =

»

For the longitudinal or transversge stress, the normal

and longitudinal or transverse parameters were substituted
in the formula:! e el
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S_((a'o)LT (A)>X '. E -
SN ), (14 V) sin®0

where

SL,T longitudinal or transverse stress

(2,), g Perameter which islcblfQue to the longitudinal or
) transverse direction -

(Ao)n' cormal‘lattice parametef

E modulus of'elasficity

v Polssonl's ratlo

o) angle between the surface and the oblique ineident

beam

The modulus of elasticity for steel was taken as
B-= 296000 000, Poisson's ratio as V = 0,284, and o
was 456 ) o

For duralumin, the modulus of elasticity was taken as
B = 116000 000, Poisson's ratio wes YV = 0,34, and &
was 39 ‘

Since everything, except SL, (4,), and (Ao>n' is
constant, the formula reduces to:

§ = [(Ag)y — (a,), 1K

The conctant K was evaluated as

1R, 800,000 for the X-4130. steel specimens, and
4,670,000 for the durslumln specimen .-

Therefore, by multiplying the perameter difference by
K the gtress could be computed directly, The accuracy of
the lattice parameter measurements as well as the accuracy
of the' constants warranted enly slide rulse accuracy in this
last calculdtion, ¢
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If ‘the caloulated €tress was positive ~the stress was
considered ta be tenslon, -If 1t was negative, it was con-
sidered as compression _ ) '

-Correctlions were then applied to the calculated stresc
values of the steel specimens. :

[y

These corrections were calculated from the following
formulas:?

o
.1\
o
m‘
o

Longitudinal s

v.“

(SL)G'+ 09956 (FL)G f 0, 030 (ST)G

Transverse stress

(Sp)n = (Splo - 0980 (Sp)q + 0,076 (fn)g

where

SL)T true long;%uuinal stress . e

PO - - -

(SL)C calculated longitudinal stress ‘ A

e e s
ST)T “true transverse stress” * . T P
(ST)CIJ calculated'transvergo_strosg . ' o T
The stresses for the duralumin specimen appear 1n et

table I and are plotted inm flgures 28 to 33, The stresses

for ;the, steel .specimens. appear in tahles II and III ‘and are
plotted ‘in figures 54 to 46 : T S

.- R Y

.

71 Experimental Results . el

The x-ray diffraction patterns permit the determination
for each set of three exposSures in different directions, of
the surface stresses ln the longitudinal and transverse direc—
tiqns,, The, investigation was limited to a humber of points
on. the surfaoe in the notched section for = gilven specimen
under. givensoonditionerof siraining., The individusl valuesd
aof stress are. assemhled .into the respective distribution
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curves of the’ 1ongitudinal ‘and the trah@ve#ée (or lateral)
stresses, for -each ¢dndition investigated (figs. 28 td 46).

A considerable importance is ascribed both to the longi-
tudinal and to the transverse stresses in Telation to the
theory of failure of metals, in particulsr to the theory of
fallure of brittle netals. Regarding the longitudinal stress,
the most significant festure is the maximum value or: ‘stress
peak, as previously discussed, while 1t is the average “value
of transverse stress which 1s of major importance,

In discussing the results of this investlgation, it
must be kept .in mind constantly that the measured values are
surface stresses only and 1t is subject of considerable
argunent as to thelr sgignificance regarding the stress state
in the interior of the metal,

Duralumin

One duralumln specimen was lnvestigated, illustrating
the change of the stress pattern on loading through the
elastic range (flgs, 28 and 29) up to a load halfway between
that expected of yielding at the notch bottom,;and thet for.
total ylelding (table I), The yield strength of the metal
was 56,000 psi, the stress concentration factor approximate—
ly 4, ' ' '

The distributions of the longltudinal and transverse
stress under a presumably elastic load (figs, 28 and 29)
agree wlth the expected stregs-distridutions, Figure 31
illustrates the general trend of the stress pattern occurring
after and during plastic flow in notched tensile specimens
(referénce 10), ‘

However, the accuracy of the étressApattern for purely
elastlic conditions was revealed by the X—ray measurements,

It would be necessary to increase the number of exposures s
prohibitive extent in order to draw .an accurate trend curve
through the experimental points, Fuﬁthermore X—-rays are
apparently not suitable for the determination of a very steep
stress grgdient, as will be discussed Jater

The distribution of 1ongitudinal,etrees ‘under an aversge
load stress. of 33,700 psi, or 60 perceat of bhe vield streéngth,
(fig, 30) illustrates one point in the spread “of plastic flow
from the notch bottom to the center of the specimen, resulting

in a considerable decrease of the" gtress’ concentration at the
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notch bottom,.:Also, the distribution of the longitudinal
stress does not conform to that expected, in that the stress
at the notch bottom is definitely less than the stress at
that point at the moment of ylelding, This may be due to
an effect of creep similar to relexatlion, L R

This stress pattern rather corresponds to that of the =
specimen loaded up to an average stress of 43,000 psi and' n
unloaded to the actual average stress of 33, 700 psi, As=""
suming that such an unlosading bdby. 10,000 psi average gtress
creates only elastic stresses of three—fourths the amount
shown. in figure 29, the assumed stress distridbution under a -
load .6¥¢ 43,000 psi average would be obtained from the actual-
distribution under the load of 33,700 psi (fig., 30) plus '
approximately three—fourths of the stresses under the load
corresponding to 12,000 psi average (fig, 29), - A test of "~ '
this.type on steel yielded a stress distribution (fiig, '34a)  :
quite ‘simiigr to 'that obtained on the duraluniin specimen
which was subJected to the high 1oad for a long %ime

[T | . - .

The residual ‘stress distribution curve'(fig, 32) agrees '
well with that expected, in that it can be constructéd *from
the curve corresponding to a load of ‘33,700 psi .average by :
subtracting a hypothetical elastid stress distribution fer L
the same load (fig, 33), In thé prodess of ‘unloading to
zero load, there should be some plastic flow &t the notch '~
bottom, The peak stress of the elastic distributfon, which
must be subtracted to represent the process of unloading is
very nigh If it i¢ greater than twice the yleld Btfength '
then the yield strength in cOmpression will be reached- before
compléte unloading heas occurred and - plastic flow will teke '
place‘ owéver, thig effgct’ should be’ insignificent ‘insofar:
as it- Telates to the "general shape of thé residual~ stress -
pattern éxcept for the points in the immediate vicinity of
the hotéh bottom which cannot be investigated readily by T
x—ray,stress measurgment )

-

L1
I3 >t . K .o - R - R - - =
b e T P . AR .- . e T -

sam x—4130 Steel N "iffT

[ - Yoy e

v L R e e
B o . .

"Mwo s#éél?épécimens provided with notches’ of R*and _

25_percent, respectively, were investigated in some detaill,
The stress distridbution of the 25 percent notch speci-

men under a presupably elastic load was not determined ac—

curately,, , The study_of this load wag the first“gttempt in .

this, dirgction so, far es steel” snecimens were concerned,
and’ the calculated values scattéréd to a larger extent than

o

©
-

R
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those of later determinations, yielding no definite stress
pattern, This secattering was attributed to the spottiness
of the diffraction linpe becausé of mechanical difficulties
in the rocking mechanism of the camera, The absence of a
definite stress peak in these tests (table II) might bde
attributed, also, to the fundamental difficulty that steep
stress gradlents are likely to be missed by X-ray stress
determingtions, This will be discussed in more detail,’

Longitudinsl stress for 25—percent notched specimen,

The longitudinal streéss distribution for the 50,000 psi
average load on the 25-percent notched specimen (fig., 34a)
is in good agreement with the theoretical distribution, The
spread of the stress peak tqward' the center of the specimen
indicated that the metal at the notch bottom had flowed
plastically, while the metal in the center of the specimen
wae stlll under an entirely ‘elastlic strain, This is verified
by the diffraction patterns for this series of tests (fig, 47),
which became blurred in the vicinity of the notch, while they
remained sharp in the center of the specimen, Slnce the metal
at'the very. notch “bottom showed a stress of approximately the
Yield strength, it might be assumed 'that the extent of plastic
flow was limited If the metal flow had been extensive, the
meétal adjacent to the notch would have strain hardened, and
would heve been capable of bearing a stress 1n excess of the
yielﬁ strength of *9 500 psi
. The longitudinal residual stress distribution for the
50, 000 pei average load is shown in figure 3&a, Residual
-htress To'sults” from plastic flow and in the usual case is_,q
thée: aifference between the actually measured stress distri—
putdion’ whder load and the elastic distridbution that would.
have" resultéd ha& the specimen been able to carry the load.
elag'tiéallyy " In other words, the residual stress distribu—’
tion"mightibé obtained approximately by subtracting the
theoretical elastic stress distribution from the measured
stress distribution, However, such a hypothetical elastic
stress distributlion for a hi h load cannot be determined ex—
perimentally, while the sctual” st¥ess distribution under load
and the residual stress are sybject to actual stress measure—
ment;-:*Cdnséquently, by subtracting'the regidual stresses ..
from: the. ‘actual "stresses, the fidtitious elastic stress dis—
tribution is obtainable. . .
S A PRI A -i' rosCTeroper Rl R . )
- Pilgurve '37s shows’ this fictftious (elastic) ‘strese dig—
tribution ‘that "rdsulted 'from subtraction of the residual. .
stresses for -theé £0, 000~psi'sverqge_load,(fégf 36a) from the

v
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actual stress distnibutiecn for the game loed (fiso 342)

(=2 CRLTRE X - o5 v- idputvion - UL T e W \=-=5 LES e

This curve agrees Jqulte well with the proposed theoretical
distribution, Here agaln, however, 1t wasg impossible to
deterpine the height of the peak accurately. From the
trend of the curve, 1t can be seen readily that the stress
peak might rise to three times the average stress, which
is in agreement with the stress concentration factor of
3.5- ’

It might also be noted that the integration of the
stress distribution curve (fig, 34a) determined by actual
Z—-ray measurement was 50,000 psi average, or equal to the
actually applied load, oo

Figure 35 sAllustrates the experimental stress distri-
bution obtained. when the 28 percent notch specimen was loaded
to 70,000 psi~.and then unloaded to 59,500 psi average, The
reasons for the unloading were twofold, First, 1t was
thought that the stress distribution obtained from this pro—
cedure represented a more stable stress state than the prob—
ably changing stress dlstribution under hlgh loads, which
results in fcreep" of the metal, It has been discussed
previously that the stress distribution resulting from the
bigh load on the duralumin test bar (fig., 30a) gave a dis—
tribution curve that 4id not conform to the expected shape,
The method of partial unloading gives some control over the
stress state of the notch section, The nominal load of
70,000 psi average was maintained for only a few seconds so
that creep was negliglble, ZExperiments discussed previously
in the experimental procedure showed that unloading by epprox—
imately 15 percent of the applied load would prevent creep,
With the ellimination of creep, the stress state becomes
stable, so that the diffraction patterns for the applied
load represented the true stress distribution for the appliled
load,

The second advantage of partial unloading was that the
stress distribution odtalned would serve as additional
evidence as to the -valldity of previous conceptions regarding
the stress distribution in 2 notched and overstrained bar and
its changes on unloading. :

However, before entering into the discussion of partial
unloadling, another phenomenon must be mentioned which is
apparent from figure 35a, The average longitudinal stress
ln this case does not agree with the stress to which the
load was relieved, 59,500 psi average, but 1s much lower,
approximately 50,000 psl, A4s such a discrepancy has been
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observed only: hftar'loading'td the high load which caused
plastic flow t%rdﬁghaut the n'stched section, the observed
low average st»r s ok &7 st bo” attribuﬂed to o nonuniformity of
the stress through *ho ‘thickness of the 3p9c1m=n In other
words, the deficiency of the st¥ess Yovnd in the surface
layers must be corpevemted for by a higner stress in the in-
ner fibers, Thisz wchcluiion ¥ inu agiecement with the general
conception of plasitic flow in a polyerystalline aggregate).

the crystals of wnlich are more rest;ained in the interior
than at the surface, '

\ .. ‘ it e,
Such a relatlon would' explain, elso, that the residual
longitudinal streseg usually doeas not average out to zero,
but to a small cumprossive gtress, This ig exvlained by the
fact that, subtracting an elastic strese 'distribution from a
distribution which shows higher tensions in the interior than
et the surface, the total resultant of the difference .belng

.

zero, Would-create ccﬁpression at the ‘surfdce, L .

These relations do not destroy the validity of the pre—
vious manipulations, regarding the 70,000 psil average load,
but it should be borne in mind considering the stress digtri-
butions, Furthermore, slnce these discrepancies were noted
only for the highest average load, and since the phenomena
that explain them result from plastic flow throughout a major
portion of the notched sectlon, this discussion will apply
only to that load ‘which produced & lerge amount of plastic
flow, that 1is, the 70,000 psi average load,

The dlstridbution of longitudinal stresses for tRé
70,000 psi average load whilch was relleved by 10,500 psi-
average (fig. 35a) shows that the stress peak 1s not a4t the
notch bottom as in figure 34a, but ls at a positlon approxi-
mately 0,25 1lunch from the notech bottom, MThisg difference 1z
the location of the stress peaks can be accounted for by the
fact that the unloading, which was presumably elastle, caused
s greater decrease in stress at the notch bottom than else-
where, thus leaving stress peaks at a point below the notch
bottom, Since the specimen was relleved by 15 percent of the
initial load, this rellief must be taken inté account before
the stress distribution at the initial load can be calculated,
Because the 1K percent unloading constituted an elastic relief,
an elastlic stress distribution for an a%erage stregs of 15 per—
cent of 70,000 psi, or of about 11,000 ps%, had to be added to
the actual distribution curve (fig. 35a) in order to determine
the distribution before the unloading, As' there was no way of
actually determining the elastic stregs distribution, the
theoretical elastic curve for the 50,000 psl average load
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(fig, 37a) was taken. as representative of an elastic distri-
bution, - e

Figure 38a shows'the hypothetical distribution of the
elastic longltudinal stress for an“average stress of 11,000
psi, which was constructed from -thé theoretical elastic dils—
tribution for the .50,000 psi average load by reducing all
the ordinates proportionately. This curve was added to the
actual sitrese distributlion curve as destermined by the X-ray
measurements, and.the curve that represented the actually
applied load was .obtained (fig, 39a), The metal adjacent
to- the notch bears a, loed in excess of the original yield
strength of 59,500 psi average, This is in keeping with
the theory that the metal at the notech bottom flowed plas—
tically and so underwent some degree of strain hardening,
The center elements of the specimen carry a load slightly
below the original yield strength, Thls would seem to indi-
cate that although the average stress was well beyond the
yield strength of the material, the distribution wase such
that the center elements’ of the ‘gpecimen: were~still under
elastic stress, , . . P

Another possible explanation of this dip in the center
of the stress distribution curve might be the previously o
discussed phenomenon that the surface crystals of a erystal-
line aggregate bear less stress than the average stress for
the aggregate,

The integratlion of the.curve representing the longitu~
dinel stress while under lodd (fig, 39a) gave an average
stress of 60,000 psi, while the applied stress was 70,000
psl average, This 1s again’ in keeping with the theory of
uneven distribution of the stress along a line perpendicular
to the surface,

- ‘Plgure 40a shows the longitudinal resldual stress dis-=
tribution for the 70,000 psl average load, The curve is
similar to that of the longitudinal residual stress curve

for the precious load of "©0,000 psi aver@ge LLig.. 36a)

The compression at the’ notch bottom is-much. hi her “gs would
be anticipated from, the ‘fadt that the stregehpeak of “the cor-
responding fictitious eidstic strese distributlon 1§ ‘propor—
tionately higher for the Higher load, ‘However, the increase
in actual stress With increaSing}load j_s relatively ‘dniform
over the cross section’because,of the. effectsg of plasiic flow,
Thus, when a2 much higher ela%tic stress. peak,ls sudbtractied
from an actual stress that is only slightly higher, the result—
ing residual; stress woﬁid haye~a larger value in compression

D ey

‘EE
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In the residual stress curve for the 70,000 psl average load,
the tension peaks have moved in farther toward the center of
the specimen than is the case for the 50,000 psel average
load. This, t00, can be accounted for by the shape of the
flctitious elastic stress distribution curve. The tension
peaks have a wider base, and conseauently when they are sub-
tracted, the tension peaks remalning in the residual stress
curve are farther from the notch hottom.

When the longlitudinal residual stress was subtracted
from the actual longitudinal stress for the 70,000 psi
average stress load, the fictitious elastic stress distribdbu-
tion curve shown in figure 4la resulted. Thie curve bears a
striking similarity to the theoretical elastic stress curve
for the 50,000 psl average strese load (fig. 37a). The
stress peaks again rise to a value that might be 3.5 times
the average stress of the fictitious elastic distribution for
the 70,000 psei average stress. The average stress determined
by 1ntegrating the curve was 69,000 pel. This 18 in close
agreement with the actually applied load of 70,000 pseil aver-
age. In other words, the total unleoading causes changes of
strees which are practically only of an elastic nature, and,
consequently, for the surface do not differ materially from
those for the interior fibers.

Transverse stress for the 25-percent notched gpeclmen.
Figure 341 1llustrates the transverse stress distridbution for
the 25-percent notched specimens, strailned to the average load
of 50,000 psi, The transverse stress is zero at the notch
bottom, becomes a maximum at a point 0,15 inch from the notch
bottom, and then again decreases to a very low value in the
center of the specimen, Such a stress distribution agrees
with both theoretical conceptlons and photoelastic measure—
ments, as prevliously discussed,

Plgure 36b shows the residual transverse stress distri-
bution for the 50,000 psl average load, It will be noted
thet the transverse residual:- stress .has approximately the
same distribution curve as the longltudinal residual stress,
with two exceptions, The first 1s that the stress at the
notch bottom must be zero for the transverse stress, while
it is probably high in compression for the longitudlinal
stress, The second 1s that the longitudinal residual stress
in the center is cowmpression, while the residual {transverse
atress in the center is tenslon,

Subtracting the residual stresses from the actual stresses
in order to determine the fictitious slastic stress distribu—
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tion was also used in ggard to the, tranqunse .strespg, - Flg-
ure 37b° éhqws”fhe résultaﬁﬁ ‘distribution which .is’ again: id
agreement with the generaliy accepteq conceptions,

The distribution of .the transverse stress under an
average 1oa€ of 9,500, efter unloading froman average- . ‘:
load of 70,000 psi (fig. '351) shows two significant phenom—
ensa, First the stress peak has moved .closer to the center,
appearing at 0,25 inch from the notch. bottom; and secondly,
the average transverse stress wae increae§¢, edngst in .pro-
' portion to the average longitudina&.stress,\ Vpip" vt il

Nl €0 B S S < i—'.-._, e T2
The effect of unloasding by 1% percent is preeumably
purely elastic, as illustrated in filgure.380b,: When this

curve was added to the ., actual stress distribution bs deten—
mined by X~rays, the curve shown in flgure.39b resulted,

This' curve represents the lateral distridbution for. the roed

appliéd load of 70 000 psi average._ . ﬁﬁvrrﬂ_ ) R

Figure 40b shows the transverse reeidual stresses for
the 70,000 psi average ‘load, This curve is.similar to ther
lateral residusl ‘stress curve for .50, Goofpeieaverage load,
However, as expected the distributiqn ©of. ;the. 70,000 psi
average lateral’ residual stress curve shows greater € o~
pression peaks and higher tensiog in the;xcenter 'of -the

specimen, ~° - ;» N_L b -, o o

[y B3

When these‘lateral residual streesps for the 70 666
psi average lohd (fig, 40Db), weTb sghtracted from the curve
representihg’ the- lateral stress distribution for the total~
load of 70,000 psi average, (fig. 59b3 a; fietitious elastic
distribution for the lateral stresses under a load of 70,000
psil average was obtalned (fig, 41b)., This.curve agreeb with
the oas representing the fictitious elastic- -distributioh. fér
the 150,000 pesi average loead, The stress .peak is in.both: in—
sbandes at approximately the same place ‘whilerthe fension:

R center ié‘tﬁcreased more’ then in proportion to the applied'"

ld’dd Lo . i . pean - . LTI ey
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<Stdedse é for the ﬂ;percent notched*ﬁgecimen — The R-per~"
-ﬁen% notched %pecimen aid nqt exhibit the sharp stress peaks
(figsl,' 42" "t0 46) that the 2k-percent notched .specimen did,
-Elthovgh the strees peake P gbnbly 4id existy- thelir presence-
could not be detetted, "“Qhis vas ascribed to the limited sen—
sitivity of the X—ray method, 1In. this case, the stress peak
was thought t0 e of sufficiently narrov width that -1t was’
not apparent in the diffraction patterns, Since the bean
covered 0,10 inch of the notch width, the displaced diffrac—
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tion line-due to a sharp peak might not be epparent when
included with the more intense line dus to a un;forp stress
in the larger reglon of adjacent metal,

FPigure 42 shows the stress distridution for an average
stress of 17,000 psil, With the stress concentration factor
being approximately 2,5, thls load was well within the elas-
tic range of the .steel, The longitudinal stress distribdbution
(fig. a2a) ghows no stress ‘peasks, but &an- average value of
18,000 psi, in agreement with the dpplied load of 17,000 psi,
The transverse digtribution curve (fig, 42b) shows a uniform
scattering about the zero line.

Figure 48 ehowe the distribution for the GO OOO psi
average load whieh was unloaded by 186 percen% to 25,500 psi
average. - Phe spetimen was unloaded again with the hhnught
that there wags plastic flow at the notch bottom, and the
relief of a portlion of the. load would prevent creep. The
curves show a uniform stress distribution in the case of the
longitudinal stresses, and again no lateral stress, .The X—ray
meagurements yielded an average stress of 22,000 psi, which
ig not sufficiently~different from the applied average. load
of 28,500 psi: averagé to draw’ any definite conclusions,

Sinee it wae:thought that plastic flow had occurred,_the
specimen was unloaded entirely after having been subJected to
an average streses of 30,000 psi, and residual stress deter—
minations were made (fig. ‘48), No reeidual stress exceeding
the accuracy of the: method was founﬂ ‘The scattering might
be attributed -to experimbntal error, o& to slight residpal ..
stresses 1ntroduced in the procees of meking the specimen.

It vas desired to have the highest load. exceed. @he .
yieid skrength of:the material, but the aifficulths of pro-—
duclng gufflcient strain- to - cause appreciable strain harden—.
ing pgehlhited loading ,thel epeeimen to the desired loed . The"
epeqiqen vas loaded to 50,400 péi ‘avérage, then unloaded 15 ..
percent to 41,400 psi average, TFigure 44 shows the distribu—
tion curves that resulted, Agaln no stress peak or lateral
stress was: -appgrent, The X~ray'meesuremente yielded an aver—.
age strees e£;39 000 psi, Wwhitch ata not sufficiently differa-.
from the epplded averagenmtrees of 41, 400 psi average to per—
mit the formation of any &efinite conclusion :)‘, S R
[ yg o Ll ‘-———- AETILEE

Reeidual strese determinatione for thip load (fig._46)
also ‘yielded.scattering.along the zero line.“ A S
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X-RAY DETERMINATION OF RESIDUAL STRESSES,IN A
BUTT-WELDED SAE %¥-4130 STEEL TUBING  ° ° = -

Prevlous History

.
- -

-

" The x-ray diffraction method of stress determination
would seem to possess unique advantages when applied to the
study of residual stresses in welded structures, For thilsg
reagon a study of a welded tube was undertaken, in connec—
tion with the present report, in order to study the merits
and possibilities of the X—ray method as applied to welds
in aircraft meterlals in particular,

In ‘relation to:weldd, the X-ray method hag ‘the inherent
advantage of dsing & small gage length, of being nondestruc—
tive, and of providing a2 convenlent method of determining
the- complete stress state, SBince it ie well known that the
residual stress state in and near g weld ig characterized
by large stress gradients, the first feature is of some Im—-
portance in determining the effect, which is unknown as yet
of residual stress on weld strength Since mechanical :
methods flor ‘the determination. of. residual stress neg¢essarily
invelve’ th%-iemoval of material, which mey ‘greatly alter the:
stTess picture where steep etrese gradients exist, the hon~
destructive: feature of the X—ray method ig an important ‘a.d—
vantage even Tor. experimental work, and especially for possi~
ble routine use of the method, Einally, mechanicdl methods
generally will: not lead to the determination of the complete
etress state St . R o o -

' e"-' & v ' £ __7".‘-"- .l".__;_.__

‘mHé “proBidm - of weld streeses hes attracted many invee—f
6igators' resulting in a large amount of information on this
subJect (reference 11).  -However, .only few attempts have been
nade ‘to dérive, from ezperimentation or theory, & général’aad
adc¢uraté fattern ‘of 'stress distridbution.in & particular. aé—”
sembly, THE &oncluslion can . be drawn from the previous worit’ that
the stress state in a.welded structure, particularly in the-
most frequently investlgated structure, welded plate, is véry
involved and not readily explained

' .

It may be expected thaf the residual stresses in a
welded structure will follow some general pattern depending
upon the geometry of the welded pleces, but that local fluc—
tuations will be superimposed on this pattern In order %o
keep the general pattern of residual stress as simple as pos—
sible, the cylindrical geometry of thin—walled butt—welded
tubes was chosen,
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Previous investigations of varlous types have been
carried out in thisg laboratory on such welded tubes of thse
same material, These investlgations have resulted in the
collection of data on the microstructurés found in the weld
and base materlals, the hardness values in the same regions
and dats on the average circumferential stress at different
sections of the tube as obtained by a mechanlcal method,

The data of Sachs and Graham (reference 12) on the residual
circumferential stress (fig. 48) confirm the general con—
ception of the development of residual stress in a welded:
structure, The welded bead, being the hottest part) ténds
to contract moTe than the parent metal, This contraction
introduces circumferential tension in the deposited metal,
This tenslon is counterbalanced by compression in the basge
metal, in agreement with theoretical conception, The magni-
tude of thls compression decreases with increasing distance
from the weld, presumably according to a logarithmic func-—
tion, A comparison of this stress distridution with macro—
graphs (fig, 49) shows that the residual stress in such an
externally unregtrained weld Is limited approximately to

the heat—affected zones, that is, the regions that were
heated above the critical range, Hardness results of
Mastenbrook and Steffan (reference 13) showed considersble
local. wvarlations in & circumferential section at the center
line of the weld, These variations were not so pronounced
in - gectiong removed from the center of the weld, The aver—
age hardness along an element of the tube (fig, K0) showed

& minimum of 82 Rockwell B in the weld metal, The hardness
rose to a maximum of 10F Rockwell B at a distance of 1l/4
ineh from the weld, From this value, the hardness decreased
to 87 Rockwell B at 3/4 inch and finally increased again to
a value of 100 Rockwell B at 1% inches from the weld, in the
base alloy steel, The microstructure of the butt—welded
tube (fig, Fl) was found by the same authors to be a Widman-
statten structure of varylang grain 'size at the center of the
wveld, which changed gradually with increasing distance from
the weld through a coarse—grained to a fine—grained normal-
ized structure, then to a recrystallization structure, and
eventually to that of the parent metal,

Material end Procedure

MateTial and Preparation of Specimen

Commercial SAE %X-4130 steel tubing, 15 -—inch cutside
diameter and 0,084—inch wall thickness wds supplied for the
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.1nvestigation by the Ohlo Seamless Tube Compary., This steel,
in the as~recéived condition, had an ultimate strength of’
approximately 110,000 psi a yleld strength of 90,000 psi,
and” an"elongation of 1F percent The tubing was stress
relievéd, and the absence 6f.residual stress was determined
by the split-ring method (reference 14),

Pieces & inches in 1ength were cut from the tubing and
end—~faced on 2 lathe, . Two such pieces were ‘butt—welded by
the oxyacetylene process in the production line of a company
producing aircraft parts and accustomed to welding such-
materiaI Welding rod of SAE 1006 steel 1/8 inch in diameter
was used, The welds were tacked on oppositesides The' weld-—
ing was started between the. two tacks and was then made ¢dn--
tinuous, ‘-Thus the warpage was maintained at a minimum, ‘The
specimens’ were’ only locally preheated with the torch, and’
after welding were allowed to0 cool 1ln air, then sandblasted
to remove the scale, ' o -

oyt
R = - -

The tabular specimen was then machined inside and out—
side to a truly cylindrical shape. By this procedure the
wall thickness wes reduced from 0,084 to Q0,0%0.inch average
thickness, the original thickness of the welded bead being-
1/8 inch, & circumferential gage line was scribed around J
the tube at one end to serve as a longitudinal reference line,
Similarly, - longitudinal gage lines were scribed at one end,
at intervals of 5° on the circumference to §6TVe .28 reference
lines for .the circumferential fpositiont of the points of .-'¢
measurenmnsnt, - ’ .:: Lt BT e

The scale was carefully pickled off a.considerable area
aropnd. the -tube-in the vieinity of tne weld, The cleaned
area.was.then covered with an exﬁremely thin caat of lacquer
to prevent subseguent rusting. R

o B o ] i —
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X—Ra§ Technigque

ki
'

In, order. to. obtain precise lattice parameter values,
{t in necegsary to apply some calibration material of known
lattice parameter: to the surface of ‘the specimen The ma—
terial used was Mallinckrodt silver metal, _prefipitated
analytical.reageanti grade. .. This®poywder, éas ep.inkled on = :
long strip of Scotch tape.and’then brushed t a uniform layer
with a camelts halr brush, In the process, %l excess powder
not adhering to the tape was brushed off, The Scotch tape
was then attached to the weld with thinned lacéquer,
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Por a complete stress determination, at each selected
point on the’surface, diffraction patterns with.the incident
beam making.a number of different angles with the normal %o
the surface are required, The directions shown in flgure
62 were chosen, corresponding to method G-1-A of reference 1,
The longitudinal stress.is determined by a normal plcture
and a pleture taken fn the direction L (fig. 52) with the
incident beam in the plane defined by the normal N and the
tube axis A and at 45° with the normal, The transverse,
or circumferential, stress is determined from a normal pic-
ture and another picture in the direction O (fig. 52)
taken with the incident beam in the 'plane normal to the tube
axls but with the beam making an angle of 45° with the sur-
face normal at the point 1n question. In order to make &
complete stress determination, still another pattern is
necessary, proferably one making an angle of 45° with the
normal and such that the nrojection of the incldent beam on
the tangent plane also makes an angle 'of 46° with the simi-
lar projections of the € and L Dbeans,.

"A goniometer was constructed to hold the welded tube in
position on the X-ray tube.table. This goniometer (fig. 53)
allowed two translational and two rotational degrees of frees-
dom, and a third translational degrse of freedom was avail-
able by shimming the tube %o different helghts on the tabls’
This combination of motions enabled any spot in.- the fube to
be' ¥-rayed at any angle, although'the actual computation of"
the necessary coordinates wae in some casges- tedious.:

The X-ray camera used was & Saohs back-reflection camera
equipped with a device for rocking or rotating the- film.
(See figs, 16 and 53, ) .

The collimation system was set up to obtain the focus-
ing condition for a normal picture and the same setup was
also used for the oblique pletures, A focusing pinhole 0,040
inch in diameter was used with a! fromtipinhole 0.080 inch in
diameter, The combination produced an X-ray spot on the sur-
face of the. tubing 0..10. inch in diameter. .

A General Electrio X-ray tude with Lindemann glass win-
dows and a cobalt target was employed. The tube was operated
at 35 kilovolts;and 10 milliamperes. Exposures were 1/2 hour.

The patterns were measured on a viaual comparator have
ing a least count of 0,02 pillimeter,
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The first.step in-the stress analysis; of. Ihe, wel¢ed tube
was to determine at what points dn and neay; 3 2 weld sighifi—
cant X—ray measurements could be made .and whpre t ey ware
impossible because of the unfavorable condition oT tHe' mstal,
For this purpose a gseries of patterns wagn, taken ‘on” ‘the’ cehter
line of’ &he:weld at RO intervals complete;y around’ Ehefwel&
Furtheruwore,'ia series of patterns was teken across the Weld
at several. circumferential positions, Theae patterns were
all normal patterns and were made with ‘complete rotation of
the film, :

sl el

The. 72 -normal patterns taken at R° iptervals around the
clricunfemence on. the center line of . the weld 'were ‘then meas-
wreid andi-lattice parameters were computed hy the methods
outlivned sin reference.l, The measurement ﬁqS necessarily of
poor precision in the frequent cases where fhe diffraction T
linesg 'were broai¢ However, & meassurement of sorts was “ob-
tailned; RBepesgsted measurements on different,patterns showed
that ‘the maximum error in lattice parameter was'gbout 0, 0002

.E‘

engstrom.unit, .. .This is greater than the maxidum error ';*t'
which-oceuns: whan sharp line® diffractioﬁ patterné'gre ot
measured, PRESY o na

—

From the 1attice pargmeter a measured on & normal
pattern taken under. ‘fulls :Qtation 'the sum of the principsal
stresses can be computed_mging t%e ex?ression.

- ~--~a,~ NS « eSS

S, + SC‘ —»—r (T - 35) = 36, 2 (a— a )x.lO psi

rra . . N

A% ' FJ.;{ L

where:
R R B A T . “ e n

.. - R N Genh n#

E = 29 x 10° psi io?

(+ ~V.7 038

a, = 2,86100 angstrom units

VS :.-"") T R

This expression 1s approximate, being subject to a 5 _
percent correction beceuse of the fact thet the parameter a
is not the true normal paridnéter, * The expression.is accurate
enough,_hqweyer in view of ghe over—all precdision of the meas-
urement ! ’th;é'ﬁ?rt dlan cﬁse~ﬂ"Using this Telation, the

,
1N
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sum of the principal stresses was computed under the assump—

tion that the lattice paramenter a, of the stress—free ma-
terlal was 2,86100, This assumption is reasonable, slnce

the material in the weld (SAB 1006 steel) contained no alloy-
- ing elements except carbon, which has a negligible effect on

the lattice parameter, Further, the sum obtained in this

way agreed with that obtained by adding the longitudinal and
circumferentlal stresses, wherever they were obtalned indi-=

vidually,

In a circumferential region at the center of the weld
(positions 1250 to 160°) longitudinal and transverse 450
plctures were ‘taken in order to determine the longitudinal
and circumferential stresses, The pictures were taken with
4169 rotation of the film, This was necessary to smooth
out the slight spottiness of the silver lines; the iron
lines were in no cases spotty, In the oblique fllms the
diame;e#'of the film normal t0 the plane of incldence was
used, 'The fillms were measured in a manner ldentlcal with
that in ‘which the normal pictures were measured, The result—
ing parameters aj or a, may be used in the. expressions:

(ef - 8)

By = E_ L -
.7 (1 + vya,  sin® 46°
s < B (2, - a)

(1 + v)ao sin® 45°

to compute the respective stregses, These equations reduce
to:

6 -
Sy = 16.4 X 10 (aL - a)
Sg = 15,4 % 10° (a8, — &)
'usiné the same congtants as before,

,qu Rgéitions,.soo and 275°,‘weré chéseq to investigate
the sltuatlon across the weld, ' Normsl, léngitudinal, and
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transverse patterns were made across the weld on these two
longitudinal elements, at O,0F-inch intervals, The investi-
gation extended O, 15 inch on one side of the estimated center
line and 0,20 inch on the other , being stopped in each cdse
by the -previously mentioned metal condition, Parameters

were calculated and stressés ‘computed 'in the ‘manner just
described

 Experimental Results

-

. : There has been considerable previous work on welded
parts using the X—ray diffraction method (See reference 1,)
This work hds been concerned ertirsly with ‘plain, low ec&rbon
steels; howsver, thls material 1is of lijtle interest in the
aireraft industry, The present investigation, on the con-—
trary, has been concerned with a chrome—moly steel (SAE
x—4130), whlch 1s one of ths principal aircraft metals,

This is mentioned now because the results of the investiga—
tion show that the type of material concerned pleys a very
important part as to the usefulness of the method, While
previous iInvestigators have been able to report favorable
results of X-ray stress measurements on plain carbon steels,
in the présent investigation it was found impossible to de—
permine stresses in the base material, the:alloy steel, by
any 6f thes methods applied, Th15wresultmis due to the condi-
“ﬁion of the metal . R 4

"It was p0531ble however, to make accurate determinations T
in’ restr&cted regions of the, weld metal, and to thig extent
;oniy»thh X-pray method has proved successful ¥lelding some.

;new 1nformation‘dn the stress conditions in welded . structures.

L A ~ Y - - - .
A <0 T e R _-;..:'5.7'_%:-11
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Metallurgical, Conditions. * - . . ., -.,.

" In orderi*to make accurate stress measurements, any steel
‘to ‘be 1nvestigatsd must be in a gultable’ matallurgical condi-
t¥on,- This,"-in ‘turn, depends mainly upon.the: response of the
particular steel to the'heatihg and cooling :cycle .2t any
point of the weldment during end after the welding,

P ) . "-"".: ¥ _—l~f\¢r|‘ T roeelt

A welde& steel part consists fundamentaily .of four struc-
' ﬁurally distinct regions:" : Sy temoeT £“~»t“!.;;-&.-? —

i L -..‘-'=' o Aot —

.-‘—.. -

(1) The weld proper possessing a cast structure

e
- T A=
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£2) The adjacent region which has been heated to a
temperature above the critical temgerature of the particular
steel and cooled comparatitely rap diy

(3) The region heated below the critical but above the
stress—relieving” temperature “of the steel

(4) The region practically unaffected by the welding
process

If a weldment is not restralined, such as in this in-
vestigation, weld stire'stes are restricted to the weld proper
and to the adjacent metal, regions (1) and (2), according to
previous investigations, ' In the csse of o restrained weld-
ment, long range residual stress may be developed also in the
metal farther from the weld bead (reference 1F),’

Of the two regions of the Investigated tube presumedbly
contalning residual 'strees, only the weld bead (region (1))
was found to yield X-ray diffraction patterns which permitted
g 8tress measurement by the selected method, The patterns
showed the K ~doublet in varying sharpness ranging from

clearly separated K, and K, lines to a rather broad line
with a single maximum.

A semiquantitative method of specifying the breadth of
the diffraction lines, Was adopted for convenience, The films
were rated on a 1l—~to—6 basis, 1 being the good extreme and
6 the poor extreme (fig, F4), Roughly, a rating 1 was as—
signed to a2 line 3f. the doublet was resolved distinetly. The
rating & correspopded o a line so broad as to ralse the ques—
tion 1f it were indeéd’ present, In, this investigation, lines
rated as 1 to 3 eould be megsnured with s good accuracy, while
some measurements of doubtful accuracy were made on lines of
poorer accuracy, Approximately RO percent of the circumfer-
ence of the weld bead was rated. 3 or better, and RO percent
was 4 or worse (see fig., FR8).

Thus, even the 1ow—carbon steel of the weld proper was
distorted during the yelding procedure to. such an extent that
the accuracy of X—ray stress measuremsnts is. seriously im-
palred in = congiderable portion’ 0? the . bead;

Some further difflcultles resnulfed from. the large graln
size of some surface areas of the we ded ﬁead which did not
yield uniform diffraction lines even when the film was rocked,
but resulted in streaks within the Ka doublet (references 16
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and 17) However this applied only to a few.exposures,
One out of approximately two hundred films wes impossible
to measure:baciuse of this difficulty. In all other cases,
rocking of the film during exposure produced measurable
lines, : “;v“;’*‘
In . al}-oases ‘the metal adjacent to the weld yielded -
X—ray patterns composed of such broad, diffuse lines that
stress determinations by the method applied were not sud-—
cessful, It 1s possible that some method might be applied
which; howevery would be. extremely tédious and time—-fs : -
conguming- (réference '18). The change along two selected
elements .is ghown in figure B5, in which the ratings are’
plotted for & number of films illustrating the previously e
discussed varistions of the metallurgical condltion, L:If - -
exposures are taken a certain distence away from the welded
bead (in region (3)), the heating has been sufficient to:
remove the effects due to cold work, but not sufficient t¢ *
cause effects by cooling from above the criticel and “sharp- |~
diffraction lines are obtained - . =¥-éw:;i

P

Stresses scross the Weld

. The; bhanges of the longitudinal and circumferential
stresses. a¢ross the’ Weld were determined for two elements
at 60% and-2750 (table iv and fig. 56)., Exposures were
taken. in~imte#¥aie o6f 0,05 inch on both sides.of the visual
center -of sthe meld Qhe width of the weld proper, as sp—
parent to the eye after machining and etching,_was approxi~
metely 0,30 inch, THowever, width and position. of the weld
vary for different points around the tube, ahd consequently
the assumed cénter line_ haes no physical significance Fur—
thermore, it is clearly recognized from flgure 56 -that the
stress state is not symmetrical about the assumed :center %
line or .about any: other ‘possible posltion of & center line,
A suggestion oYt symmeery £cgn be seen in the'readings for the )

0°‘p091t10n but none for the 2750 position.'” R R TV R
. i s BRI TR
Both the 1ongitudinal and . transvérge’ atresses ohange '

with the position scross the.weld, Apparently the stress
pattern is charactétrized by a fairly 'slow change of the - " 1"

- ray E

stress, as compared with the rapid fluctuations around the - _“i;n
tube, as will’ 'b’e di’”ussed la.ter.. R R N A
. e . W st - '-"""-‘F- x* .-e;._._,_,:j . ."_
However, a’ displacepent of the pbint of exposure by "_ B

0,05 ipch- might alfe” in] . Bome .cabés & ehaﬁ of one . of the CRAN
stresses of-ass mubh as 36 000 to 40 000 psif L

P S Rl . - s ,us‘r:. aita WS
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Longitudinal and Qircumferential Stresses
around the Tube

Figure B7 shows that accurately measurable X-ray
patterns were restricted to two large and several small
reglons around the tube,

’

The fwn 1a1~p-9 resiong wers gp‘lnnhad for the messure—

= % - VIS FELIL e Y VTS
o7

ment of both the longiltudinal and circumferential stresses

in intervals of FO along the center.line of the weld, In
addition, such stress measurements were made also for each
interval of 459, The results.are represented in table ¥

and figure 58, showing what regions yielded accurately
measurable films.

No attempt was made to draw trend lines through the
experimentsal pointsg in figure 58, The individual points
would deviate from any posslible trend line by as much as
+10,000 psl, These varlations exceed the presumable aoc—
curacy of the stress measurement by two to three times,

As the accuracy of locating a desired part is estimated
to be considerably better than 0,0005 inch, these variations
can be explained only as actual fluctuations of the residual
gstress in the welded bead, Consequently, in order %o obtain
a falrly complete stress pattern around the tube, exposures
must be taken in very small intervals, say of 0.010 inch
along the circumference, To do this, the technique used in
the present investigation would have to be changed, the
wldth of the eXposed area being too large in relation to
the expected frequency ‘of the fluctuations, '

The slightly reduced scattering in the range of 125° to
160° in comparison with that in the range 15° to 65° can be at-
trivuted to twd factors, First, the rating of the lines was
better, and second, the film messurements were repeated sevV—
eral times in order to lmprove the acauracy. However, gince
these measures caused only a slight reduction of the fluctua—
tions, the fluctuatlons were considered as real,

Neither the .longitudinal nor the circumferential stress s
shows an average which is elther definitely tension or defi-
nitely compression, From the thermal conditions of welding, -
e -considerable average tension in the circumferential direc—
tion should, be. expected .in the welded bead, while the average
1ongitudinal stress should be zero, The determined surface
stresgses certainly do not offer any confirmation of this
expectation,
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LT 'Sum of Primcipal'Streeses -7 i

LIRS . .y L e T
In many X-ray investigetione. only .one ‘exposure, per-
pendicdlar ‘to the gurface 2t each point, was made, and the
sum of the two principal stresses 5 + Sz 1in .the surface
wag determined. Such a procedure assumes the knowledge of

tHe stress-free 1attice parameter_ aa.f:_k-’ . -

L e

« =_= z ek aon s
On the contrary. three exposures made at eech point _
permit the calculation of the stress-free lattice parameter

a, at this point, as well as two stresses in the surface,
according to the following eguation: : Pl

ag = -a_.(l—;-—-lz (S,L. +'Sc)' J
. . . . - . "( ) ] -_-'L_ﬂ:‘-—.'—'_.

. The stress-free parameters were calculated for all
points-where the longitudinal and circumferentiai stresses ol
were meéasured. The values (table VI)- vary’ to a2 considerable
extent, the average value being 2. 86110 # 0. 00020 angstrom
units; and some values deviate-&s much ae ~£0./9op4 angstrom
unit from this average. This egcuracy is as_ggod as can be
expected, éven for regular determlnatidne of lattice aram-
eters by the back-reflection method (reference 19) onse- .
quently,.it cannot be decided whether the variations ‘are
steel” Gompoeition This second explanetien ie euggeeted by
the faét ‘(apparent from table III) that within any one.re-—
stricted interval the valuss agree considerably better than
the values from different intervale

. .,.-....-,~;-... .".-.7'-
"—{“- -

-
[N LY,

“It’ﬁ%ght be aegumed TtHat " by mekfﬁé“éTsingle exposure' s
pérpeddidu af to ' the surface, ‘the , sum df KX principal stresses
can He\measured with ~sufficlent eccuraey,,when the etress—free.
lattice pqrameter iq ‘saken as 2.86100 angstrom ‘units. . A large
number of{such X-fey patterns were taken.'therefore, and .the . .3
sum “of the principal stresses determined (t'ghle YII and fig. 58).

However, the sum of the principal stresses &, '+ SB, " ob-

tained iIn this manner, 1s not the -seme:.as that -determined by
addition of the.longitudinal and circumferential stresses
S;, + Sg = 8, + 8, without using the: stress-free lattice pa-

rameter (fig. 58). The values determined by the two methods
agree comparatively well, considering the uncertainty regard-
ing the stress-~free parameter and the difficulty of reproducing
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the exposed area 1n two independent series of tests, The
deviations from & trend line can be kept below approximately
+10,000 psl, It is apparent from these results that the
single exposure method daes not yleld sufficiently accurate
and lucld stress values,

The sum of the principal stresses (fig, 58) again illus—
trates the rapid fluctuatlons of the stress state around the
tube, No correlation is apparent between the surface stresses
and the mechanlism of the weldlng process.

Individual Princlipal Stresses

Utilizing independently the two sides of each film ob—
tained in the two obligue directions, four values of lattice
parameter are obtained which permit the determinatlion of the
magnitude and direction of the ‘two principal stresses (see
refereénce 1, method G4), This method ie not very sccurate,
end the following results (assemdbled in fig, 59 and tabdble K
VIII) are therefore open to considerable argument, The meas—
urements were restricted_to one region, 125° to 160°, which
yielded readlly measurablb'films.

Pegarding the directions of the principal stresses,_ _
figure F9a shows that tpay scatter irregularly about. the ::"
longlitudinal. and transverse directions, The accuracy of-
these angles is very limited and consequently the results
cannot be taken as a proof eilther that the principal direo—_
tions coincide qpproximately or diverge considerably’ from .
the longitudinal and circumferential directions.

s Lea "...._‘

‘The-prineipal stregses (fig, R9Db) differ from the longi<
tudinal’and, circumfer nzial strésses (fig, 59c) but not to a
sufficient extent to warrant ‘d#iy.other conclusion’ ﬁut that the
longitudinal and circumferential stresses are the’ f%incipal"*
stresses, The distribntion of the one principal s bégs * i 9
over: the 1nvestigated range-agrees with that of the “Eavehmi S
ferential stress 5p,’ 'and ‘the distridbution of the ot%eb prin—
-cipal stress . §g corresnonds to that of the longitudindl
stress .SL. N L e
’ A more accur@ts:Xurayqstress measdrement method ‘miset 'be
used to obtain more decisive. 1qformaﬁ£on regarding the ‘mag~
nitude and, in particular, the directions of tﬁe prtneipal
;sﬁresses. . e SR S

T
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CONCLUSIONS

Meastureménts by.means of X—ray diffraction techniques
of the principalwetresses in flat notchea tenslle bars of
SAE X—-4130 steel and ?4S—T aluminum alloy have demonstrated

the following:

1. X-ray. diffraction methode can -be used to determine
surface gtresses in metals in which the stress’ ‘gradients are
not. steep, provided the condition of the metal is suitable,.
Measurement of' stresses in the interior of a metal is not
possible et present ekcept by ‘inference from the siifface
stressee. The measurement of highly localized stresses can—
not be achieved by X—ray diffrdction without extensive ex—
perimental precautions,’

2. The longitudinal stress in a flat-notched speci-
men was found to be in agreement with the results of previous
theoretical and photoelastic investigations so long as the
metal was- elasticglly strainmed, - The. nhangeg of longitudinal
stress have been determined for the range in ‘stress in -which
the notched section becomes progressively plastic, These
stress changes were found %o confirm previously developed -
theories.

.-

3. In the range of ‘elastic stress the ‘ratio of the

':average transverse to longitudinal stresses was found to be

independent of stress but varied with the_degree of notching,

"4, When- the average stress exceeds the elaetic range
‘and’ progressive plastic flow occurs without further lncrease
in load, the stress distribution changes gradually because of
yielding, the change being of the same type gs ‘that ceunsed by
partial unloading, It was further noted that surface  stress
does not increase as rapidly as the stress in the interior
when the average stress is beyond ‘the elastic range.

Attempts to determine the . resiiual streseee in a butt—
welded joint in SAE X-4130 steel tubing by means of Z—ray
diffraction showed that:

(a) The residual stresses present in a structure
welded from the alloy steel SAE X-4130 cannot be measured in
the regions of the parent metal, affected by the heat, These
heat—affected regions presumably contain large residual
stresseg,
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(b) Only if the weld bead. is made from low—carbon
steel can accurate stress measurements be made 1n the bvead,
However, the structure of the deposited metal varies con—
slderably; and some parts may bte in such a condltlon that
the accuracy of the msasurements bécomes very small,

{(c) Large variations of the surface stresses in
both the longltudinal and clrcumferential directions were
observed, both around the weld and across the weld,

(d) In the longitudinal direction, the highest stress
values measured were 12,000 psi in tension and 20,000 psi in
compresslon, The average stress was a small compressive
stress, As the butt-welded tublng 1s not restrained in the
longitudinal direction, little longitudinal stress was ex-—
pected, AL

(6) In the cilrcumferential direction, the highest
stress values measured were 30,000 psl in tension and 15,000
psi 1n conmpresegion, The average stress was approximately
6000 psil in tensigqn, This corregponds to the value expected
from previous measurements by mechanical methods, The low
magnltude of the peak values of gtregs may possibly be ex—
pPlained by the machining operation which relleves the sur-
face stress somewhat; the low magnitude of the average stress
may be eXplalned by the fluctuations of stress and the limita—
tion that no residual stress should exceed the yield strength
of .the metal,

(f) This investigation reveals a rather restricted
applicability of the X—ray diffraction method for the measure—
ment of reslidual gtress in weldments,

Department of Metallurgical Engineering,
Case School of Applied Science,
Cleveland, Ohio, October 11, 1944,
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TABLE I

204 NOTCHED DURALUMIN SPECIMEN

LOAD POSI~| NQRMAL |LONGITUDINAL |TRANSVERSE |LONGITUDINAL|TRANSVERSE
AND AV, TION |PARAMETER| PARAMETER |PARAMETFR | - STRESS STRESS
STRESS IN A° IN A° IN A° - P8I PSI

140 1bs. 1 | 4.0402 4.0421 4.,0405 410,000 + 1,500
(4,300 psi) 2 4,0404 4,0418 ‘4.,0403 + 6,000 + 500

3 | 4,0408 4,0422 4,0407 + 7,000 - 500
4 | 4.0409 4.0418 4,0417 + 3,500 + 4,000

400 1bs. 1 | 4.0870 4.0426 4,0391 +29,000 | +11,000

(12,000 psi)| 2 | 4.0324 4,0419 4.0%98 +14,500 + 2,000
3 | 4.040L 4.,0426 4,0%97 +13,000 -~ 2,000

4 | 4,0395 4,0417 4.0401 +11,500 + 3,000

1110 1bs. 1 4,0368 4.0418 4.0385 +26,000 . | € 9,000
(33,700 psi)| 2 | 4.0350 4.0422 4,0882 +87,000 16,500
3 | 4.0%63 4,0422 4.0379 +51,000 + 8,500

4 | 4,0364 4,0427 4,0378 +33,500 + 7,000

Residual 1 | 4.0452 4,0413 4.0442 +20,000 - 5,000

Stress 2 | 4.0408 4,0413 4,0416 + 2,000 + 3,500
Unloaded 3 | 4.0409 4,0413 4.0412 + 2,000 + 1,500

from 4 | 4.0416 4,0414 4,0418 - 1,000 + 1,000
1110 1bs. '

L8868 "ON KI VOYK

v
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TABEE II1
25% NOTCHED S,A.E.X4130 STEEL

LOAD POSITION| NORMAL LONGITUDINAL; TRANSVERSE
AND AV, PARAMETER | PARAMETER PARAMETER
STRESE IN A° IN Ae IN A°
5287 1lbs. 1 2.86061 2.86147 2.86003
(17,000 psi) 2 2.86044 2.86150 2.86052
3 2.88059 2.88118 2.86071
4 2.88062 2.86124 2.86044
b 2.86022 2.86128 £.86050
1550 1bs. :
(50,000 psi) 1l 2.859808 2.88853 2.86003
2 2.85885 2.86196 2.86035
3 2.85924 2.86173 £.86019
4 2.85945 2.86189 2.86002
5 2.85972 2.86815 2.86020
Residual Stress 1 2.88143 2.88099 2,.861.00
Unloaded from 2 £.86083 2.86026 2.86103
1550 1bs. 3 2.88085 2.86089 2.86089
4 2.86095 2.86071 2.86097
5 2.86085 2.86072 2.86097
Loaded to 2170 1bs. 1 2.85998 2.86230 2.88057
) (70,000 psi) 2 2£.85893 2.88233 2.86008
Unloaded to 1960 lbs. 3 2.85879 2.86200 2.86008
(59,000 psi). 4 2.85907 2.86224 2.86022
5 2.85927 2.86204 2.86000
Residual Stress 1 2.86179 2.86052 2.86093
Unloaded from 2 2.86092 2.,86101 2.86114
2170 . 1lbs. 3 2.86077 2.,86100 2.86097
4 £.86073 2.860686 2.86109
5 2.86089 2.,86085 2.86112
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TABLE II (CONT'D)
25% NOTCHED S.A.E. X4130 STEEL

LOAD POSI-|LONGITUDINAL| TRANSVERSE |LONGITUDINAL | TRANSVERSE
AND AV, TION | STRESS-PSI |STRESS-PSI| STRESS-PSI |STRESS~PSI
STRESS MEASURED MEASURED | CORRECTED |CORRECTED
‘527 1bs. 1 +13,800 - 9,200 +14,700 ~10,100
(17,000 psi) 2 +16,800 + 1,300 +17,700 + 900
: 3 + 9,300 + 1,900 + 9,800 + 1,500
4 + 9,800 - 2,800 +10,400 - 3,300
5 +16,800 + 4,400 417,600 + 4,200
1550 lbs. 1 +54,500 +15,000 +57,600 14,200
(50,000 psi) 2 +49,200 | +23,700 +51,300 . +23,700
3 +89,400 +15,000 +41,100 +15,000
4 +37,200 + 7,800 +39,100 + 6,900
5 +38,400 + 7,600 +40,400 + 6,800
Residual Stress|{ 1 - 7,000 - 6,800 - 7,200 - 7,000
Unloaded from 2 + 2,100 + 3,200 + 2,100 + 3,200
1550 1bs. 3 -~ 900 - 900 - 1,000 ~ 1,000
4. - 3,800 + 300 - 4,000 - | + 400
5 ~ 3,800 + 300 - 3,800 + 400
Loaded to 1 +37,000 + 9,600 +38,800 + 9,000
2170 1bs. 2 +53,000 +18,200 +56,200 +17,600
(70,000 psi) 3 +50,700 +20,400 +52,900 +20, 000
Unloaded %o 4 +50,000 +18,200 +52,300 +17,700
1960 1bs., 5 +43,800 +11,500 +46,000 +10,800
(59,500 psi)
Residual Stress 1 -20,100 -13,600 -20,800 -13,800
Unloaded from | 2 + 1,400 + 3,500 + 1,400 + 3,700
2170 1bs., 3 '+ 3,600 + 3,200 + 3,700 + 3,300
' 4 - 1,100 + 5,200 - 1,400 + 5,500
5 - 80C + 3,600 - 700 + 3,800
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TABLE III
5% NOTCHED S.A.E. X2130 STEEL

NACA TN No. 987

~ LOAD POSITION| NORMAL |LONGITUDINAL| TRANSVERSE
AND AV. PARAMETER| PARAMETER | PARAMETER
STRESS IN A° IN Ae. IN Ac°,
578 1bs. 1 2,86025 | 2.86129 2.86003
(17,000 psi) 2 2.86039 2.86145 2.86037
3 2.86032 2.86141 2.86040
4 2.86015 2.86125 2.86033
5 2.86041 2.88155 2.86038
Loaded to 1020 lbs. 1 2.86021 2.86138 2,.88013
(30,000 psi) 2 2.86034 2.86140 2.86008
Unloaded to 870 1lbs. 3 2.86020 2,.86156 2.86013
(85,500 psi) 4 2.86016 2.86151 2.85988
5 2,.86005 2.86128 2,86009
Residual Stress 1 2.860898 2.86069 2.86086
Unloaded from 2 2.88070 2.868097 2.86069
1020 1bs. 3 2.838074 2.86048 2,.86072
4 2,86074 2,86058 2.86064
5 2.86073 2.86070 2.86072
Loaded to 1713 lbs. 1 2.85971 2.86207 2.85973
(50,400 psi) 2 2.85982 2.86203 2.85970
Unloaded to 1405 1bs. 3 2.,85957 | 2.86196 2.85979
(41,400 psi) 4 2.85981 2.86210 2,.85084
. 5 £2.85954 2.86195 2,85967
Residual Stress 1 2.86092 2.86103 2.86079
Unloaded from 2 £.86088 £.88057 2.886101
1713 1lbs. 3 2.86070 2.86042 2.86039
4 2.86068 2,86086 2.86073
5 2.86070 £.86071 2.86089
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TABLE III (CONT'D.)
54 NOTCHED S.A.E. X4130 STEEL
LOAD POSI- |LONGITUDINAL| TRANSVERSE| LONGITUDINAL! TRANSVERSE
AND AV. TION |STRESS-PSI |STRESS-PSI| STRESS-PSI | STRESS-PSI
STRESS MEASURED MEASURED | CORRECTED | CORRECTED
573 1lbs. 1 +16,400 -3,500 +17,400 -4,200"
(17,000 psi) 2 +16,800 - 300 +17,700 - 800
3 +17,200 +1,300 +18,200 + 900
4 +17,400 - +2,800 +18,300 +2,500
| s +18,000 - 500 +19, 000 -1,000
Loaded to 1020 lbs. 1 +18,500 ~1,300 +19,500 -2,000
(30,000 psi) 2 416,700 ~4,100 +17,700 -4,800
Unloaded to 870 1bs. 3 +£21,500 -1,100 +22,700 ~1,800
(25,500 psi) 4 +21,300 -4,400 +22,800 -5,200
5 419,400 + 800 +20,500 0
Residual Stress 1 - 3,200 - 500 - 3,400 ~ 400
Unloaded from 2 + 4,300 - 200 + 4,500 - 300
1020 1bs. 3 - 4,100 - 300 = 4,300 - 200
4 - 2,500 -1,800 - 2,600 -1,500
5 - 500 - 200 -~ 500 - 200
Loaded to 1713 lbs. 1 +37,300 + 300 +39,300 - 800
(50,400 psi) 2 +25,100 ~-1,900 37,200 -3,100
Unloaded to 1405 1lbs., 3 +37,800 +3,500 +82,700 +2,600
(41,400 psi) 4 +36, 200 + 500 +38,£00. -~ 600
5 +38,100 +2,100 +40,100 +1,100
Residual Stress 1 + 1,700 -2,100 + 1,400 -2,300
Unloaded from 2 - 4,900 +2,100 - 5,300 +2,300
1713 1bs. 3 - 4,400 -4,9C0 = 4,500 -5,100
4 + 2,800 + 800 + 3,000 + 700
5 + 200 -3,000 + Z00 -3,200
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TABLE IV

Longitudinal and Circumferential Stresses at Various Positions

Across the Weld (Along the Length of the Tube)

Distance Sy, = Sa - Sg, + 8¢ =| 857 *+ Bg
Line of Weld | 1000 psi | 1000 pst | 8, + 5, | (rom mormal
nches - . 1000 psi | 1000 psi
At the 60° Position of Circumference

-.10 - 5% ~14% ~19% ~35%
-.05 ~14 -3 -17 -28

0 -2 + 7 + 5 + 7
+.05 -1 +3 + 2 + 2
+.10 -8 -1 -9 -4
+.15 -10 -5 -15 -26
+.20 +oo% +1o% +B4% +27%

At the 2750 Position of Circumference

~.15 -32.6 ~11.6 ~44.2 | -40
~.10 ~39.8 - 8.9 ~48.7 | -42
~.05 -42,5 - 4.1 ~46.6 | =40

o -15.4 - 4.5 ~-19.9 | -1e
+505 - 6.0 - 2.0 -8.0 | -8
+.10 - 6.8 - 4.0 ~10.8 | -11
+.15 - 3.4 ~ 4.5 ~-7.9 | -8
+.20 - 3.0 ~ 6.5 ~9.5 | -5

*doubtful - large rating



NACA TN No. 987

TABLE V

49

Longitudinal and Circumferential Stresses at Various Positions

Around the Center Line of the Weld

Angular
Position

8, * 8¢

=8 + 5

1000 psi Observer 1 Observer 2
15 + 3 +20 +23 +27 + 4
20 +10 +12 +22 +28 +18
25 -2 + 4 + 2 +19 +18
80 + 9 + 7 +18 +23 +25
35 + 9 + 2 +11 +18 +36
40 -3 + 9 + 6 +11 +27
45 + 8 +11 +17 + 6 +40
50 -15 + 4 -11 0 0
55 + 3 +19 +22 +18 +12
60 -2 + 7 + 5 + 7 + B
65 -18 +10 - 8 +12 +10
105 + 6 +25 +31 +25 +18
125 + 1 + 2 + 3 -2 -3
130 + 6 + 8 +14 +13 -4
135 + 3 o] + 3 0 -40
140 -3 +12 + 9 + 3 -31
145 =17 + 4 -13 -21 -18
150% -20 -5 -25 -37 -27
n =15 -5 -20 -24
158 -18 -14 -3 -31 -27
160 -10 -3 -13 -22 -25
195 +13 +30 +43 +45 +40
240 + 9 -14 -5 + 9 -18
285 -18 + 2 -16 21 -40
330 -17 + 1 -18 =12 +25

*Two independent exposures taken
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TABLE VI

NACA TN No. 987

Stress-free Lattice Parameters at Various Points Across and
Around the Weld.

Around the Weld

Acrogs the Weld at the 2'75o Podtion

Angular Lattice Distance from Lattice
Position Parageter Center Line of Parageter
Degrees - A Weld - Inches - A
15 2.86101
20 2.86095) o
25 2.86086) & ~-.15 2.86079
30 £.86092) 5 -.10 2.86101
35 2.86093) ¢ ~.05 £.868103
40 2.86097) © 00 2.88104
45 £2.86138) 33 +,05 2.86111
50 2.86083 Q +,10 2.8611l2
55 2.86119) © +.156 2.86112
60 2.86105) o +,20 2.86100
65 2.86059) o
Across the Weld at the 80 Posgition
105 2.86124
1285 2.88123 & -, 10 2.86149
130 2.86113 @ —-.05 2.86137
135 2.86117) o 00 2.86105
140 2.86124) 3 +,05 2.86109
'145 2.86131 " +,10 2.86098
150 2.86141) & +,15 2.86148
150 2.86121) +,20 2.8812%7
155 2.86108) @
180 2.886132) w
185 2.861086
. 240 2.886075
285 2.86123
330 £2.86100
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TABLE VI

Prinecipal Stress Sum at Various Positions Arocund the Center
Line of the Weld

51

Angular Sl + 82 1000 psi | Angular S1 + 82 1000 psi
Position Position
First Second First Second
Degrees Value Value Degrees Value Value
0 ~-18,0 180 - 2.0 + 6.0
5 0.0 185 -18.0
10 -42.5 130 ~39.0 -39.0
15 + 4.0 195 +40.0 +40.0
20 +18.0 200 -16.0
25 +18.0 205 - 9.0
30 +25.0 210 -14.0
40 +27.5 +23.0 220 - 9,0 ~-13.0
45 +40.0 +40.0 225 -31.0 -31.0
50 0.0 - 9.0 230 -18.0
b5 +12.0 235 -12.0
60 + 5.0 240 -18.0
65 +10.0 245 0.0
70 -23.5 250 -14.0
75 -21.5 255 - 3.0
80 - 7.0 260 -14..0
85 0.0 265 =-31.0
20 +12.0 270 -26.5
85 +31.0 275 -20.0
100 +41.5 280 -58.0
105 +18,.0 285 -40.0
110 0.0 290 -168.0
115 0.0 295 - 4.5 .
120 - 1.0 300 -50.0
125 - 3.0 305 -40.0
130 - 4.0 310 -18.0
135 -40.9 -40,0 315 -16.0
140 -31.0 ~-36.0 320 ~14.0
145 -18.0 325 +22.0
- 150 —-27.0 330 +25.5
155 -27.0 335 +45.0
160 -25.0 340 +31.0
170 -14.5 &50 + 7.0
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TABLE VI

HACA TR ¥o. 987

Magnitude and Direction of the Princlpal Stresses at Various
Points Along One Portion of the Center Line of the Weld

Angular sl 82 Angle from
Position S, to 8
1000 psi 1000 psi L 1

Degrees Degrees
125 + &,000 o 48
130 +25,000 -10,000 133
135 + 8,000 - 6,000 39
140 +18,000 - 7,000 71
145 +11,000 -24,000 - 68
150 - 2,000 -22,000 106
155 ~-11,000 -21,000 59
180 - 2,000 -12,000 72
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AW

Figure 1.~ 8treas distrib-

$ion in a notched
flat bar under tension
(Coker and Filon).
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©
Figure 10.—Diffraction patterns of SAE X4130 steel, stress relieved at (a) 1000° F.,
(b) 1250° F., and (¢) 1320° F., after normalizing from 1700° F.
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NACA TN No. 987 Figs. 14, 15

Fieums 14.—Special tensile testing machine.

Freure 15.—Special tensile testing machine in position to make oblique diffraction patterns
of duralumin tensile bar.
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Fiqure 17.—Back reflection camera with pinhole system in place and rocking mechanism.



NACA TN No. 987 Figs. 18, 19, 20

Figure 19.—Diffraction patterns showing (a) too little, (b) proper amount,
and (¢) too much silver.

PFigure 20.—Typical duralumin diffraction pattern.
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Fiaure 21.—Special tensile machine
in position for making longitudinal
strain diffraction patterns from
SAE X4130 steel tensile bars.

Ficure 22.—Special tensile machine
in position for making transverse
strain diffraction patterns from
SAE X4130 steel tensile bars.
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Fieure 25.—Comparator used in measuring steel diffraction patterns.
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F1eURE 26..—Viewing tube for comparator used in measuring duralumin diffraction patterns.
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Figures 88,29,30.- Measured stress distributions in 20% notchad

234-8H duralumin flat tensile bar.
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Figure 38.- Hypothetical stress distribution for 10,500 psi
average elastic relief of 70,000 psi average
load on 25% notched SAE X4130 flat tensile bar.
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Figure 40.- Residual stress distribution in 35% notched
SAE X4130 steel flat tensile bar.
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Fieore 47.—Diffraction patterns from notch bottom to center_ of specimen (top to bot-
tom) for 50,000 psi average load on 25 percent notched SAE X4130 steel tensile specimen.
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FicurE 52.—Direction of the incident beam for various types of exposures.

Fiaure 53.—The goniometer used to hold the welded tube in the proper position relative to
the X-ray beam. o
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Fig. 56
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